Coupled-channel effects due to coupling of charmonia to the charmed and anticharmed mesons are of current interest in heavy quarkonium physics. However, the effects have not been unambiguously established. In this Letter, a clean method is proposed in order to examine the coupled-channel effects in charmonium transitions. We show that the hindered M1 radiative transitions from the 2P to 1P charmonia are suitable for this purpose. We suggest to measure one or more of the ratios Γ(h
Coupled-channel effects due to coupling of charmonia to the charmed and anticharmed mesons are of current interest in heavy quarkonium physics. However, the effects have not been unambiguously established. In this Letter, a clean method is proposed in order to examine the coupled-channel effects in charmonium transitions. We show that the hindered M1 radiative transitions from the 2P to 1P charmonia are suitable for this purpose. We suggest to measure one or more of the ratios Γ(h ′ c → χcJ γ)/Γ(χ ′ cJ → χcJ π 0 ) and Γ(χ ′ cJ → hcγ)/Γ(χ ′ cJ → χcJ π 0 ), for which highly nontrivial and parameter-free predictions are given. The picture can also be tested using both unquenched and quenched lattice calculations.
PACS numbers: 13.25.Gv, 14.40.Pq Thanks to various experiments world-wide, our knowledge of the physics of heavy quarkonium has been greatly enriched in the last decade. New charmonium(-like) states, including the h c and χ ′ c2 as well as the so-called XY Z states, were observed. Most of the XY Z states are above the opencharm thresholds, and do not fit the expectations from the quark model. Hence, it is of current interest and high importance to investigate the coupled-channel effects, originating from the coupling of cc to charmed-meson-anticharmedmeson channels, in charmonium physics. So far, these effects have not been established unambiguously, though evidences exist, see, e.g., Refs. [1] [2] [3] for transitions between charmonia and Refs. [4, 5] for spectroscopy. This Letter is devoted to a clean way of examining the coupled-channel effects. For this purpose, we propose to measure one or more of the ratios Γ(h
, for which highly nontrivial predictions will be made.
At the hadronic level, one may consider the coupling of heavy quarkonium states to open-flavor meson and antimesons using effective Lagrangians, and take into account the coupled-channel effects by calculating intermediate heavy meson loops. Because the difference between the mass of a heavy quarkonium and heavy meson-antimeson thresholds is small, the intermediate heavy mesons are nonrelativistic with velocity v ≪ 1. Based on this observation, a nonrelativistic effective field theory (NREFT) was proposed [1, 6, 7] . It was found that the transitions between two P -wave charmonia with the emission of one pion are completely dominated by the coupled-channel effects with an enhancement of ∼ 1/v 3 in the decay amplitude in contrast to the multipole contribution [1] . Here we find that the hindered M1 transitions from a 2P to a 1P charmonium is also dominated by the coupledchannel effects. Because these two types of transitions cannot be directly connected to each other, only when both of them are dominated by the coupled-channel effects, nontrivial predictions can be made in the framework of NREFT. Consequently, the measurements of hindered M1 transitions from P -wave charmonia provides a good opportunity for examining the coupled-channel effects in charmonium transitions.
There are several nice features of the hindered M1 transitions of P -wave charmonia for investigating the coupledchannel effects of open-charm mesons: 1) First of all, these transitions are expected to be dominated by the coupled-channel effects. On one hand, in quark models, the decay amplitude for an M1 transition between two heavy quarkonia is proportional to the overlap of the wave functions of the initial and final quarkonia (see, e.g. [8] to | ψ f |ψ i | 2 because the initial and final charmonia, though having different principal quantum numbers, do not couple to each other directly. Instead, they couple through intermediate charmed mesons, and there is no similar suppression for such couplings. Note that v in Eq. (2) will not approach 0 even when the charmonium mass overlaps with the charmedmeson threshold, since it should be understood as the average of two velocities corresponding to the two cuts in the threepoint loop.
2) The triangle hadronic loops involved in the transitions are convergent in the nonrelativistic framework. Therefore, we do not need to introduce a counterterm. On the contrary, similar loops for the M1 transitions of S-wave charmonia are divergent so that similar statements cannot be made there. This is another nice example of the important role of such diagrams in hadron physics, see e.g. the classical work on neutral pion photoproduction off nucleons [11] or the more recent investigation of the large isospin violation in the decay η(1405/1475) → 3π [12] . 3) Because the leading coupling of charmed and anticharmed mesons to the P -wave charmonium is in an S-wave, there is no derivative in such vertices. Hence the two-point loop with the four-particle contact term χ cJ D ( * )D( * ) γ, as shown in Fig. 1 (b) , is not related to that in Fig. 1 (a) by gauge symmetry. It can be treated separately. Being gauge-invariant by itself, the four-particle contact term should contain the electromagnetic field strength F µν for the photon. Hence, the corresponding vertex is proportional to the external momentum of the photon. The amplitude for the diagram scales as
One sees that it is two orders higher in the meson velocity counting than the diagram Fig. 1 (a) , and hence can be neglected at leading one-loop order. 4) As will be shown later, the two-loop diagrams (c) and (d) are also suppressed compared with (a).
The coupling of the P -wave charmonia to the charmed and anticharmed mesons is described by the Lagrangian [13] 
where g 1 is the coupling constant of the 1P charmonium states (g ′ 1 will be used for the 2P states), H a = V a · σ + P a andH a = − V a · σ +P a are fields annihilating charmed and anticharmed mesons, respectively, with σ the Pauli matrices and a the light flavor index. The two-component notation introduced in Ref. [14] is used here, which is convenient for processes with negligible recoil effect (less than 1% for the processes considered in this Letter). The P -wave charmonia are collected in the spin-multiplet
The magnetic coupling of the photon to heavy mesons is described by the Lagrangian [14, 15] 
is the light quark charge matrix, and Q ′ is the heavy quark electric charge (in units of e). The first term describes the nonperturbative physics of the light quarks, while the second term is for the magnetic coupling of the heavy mesons and hence is proportional to 1/m Q . Although the photon can also couple to the heavy mesons through gauging the kinetic energy term, this vertex does not contribute to the magnetic transitions. Because the χ cJ states are easier to be detected than the h c , and χ ′ c2 has been observed, we will calculate the decay widths of the hindered M1 transitions h ′ c → γχ cJ and χ ′ c2 → γh c . Results for the other hindered M1 transitions of the P -wave charmonia can be easily obtained using the same method. Denoting the charmed meson connecting the initial charmonium and the photon as M 1, the one connecting two charmonia as M 2, and the other as M 3, we specify the triangle loops by [M 1, M 2, M 3]. Considering both the pseudoscalar and vector charmed mesons, possible loops for these transitions are listed in Table I (see also Ref. [1] for details).
The decay amplitude for each transition can be expressed in terms of the scalar three-point loop function
where P and q are the momenta of the initial particle and the photon, respectively, m i (i = 1, 2, 3) are the masses of the particles M i in the loop. The analytic expression can be found in Refs. [1, 16] . The amplitude for the transition χ
where the loop function has been written as
The charge-conjugated channels are taken into account. 1 The amplitudes for the other transitions can be obtained similarly.
Since the spin direction of the c orc quark should be flipped in the M1 transitions, the decay amplitude should vanish in the heavy quark limit. It is nonzero only because of the O(m −1 c ) spin symmetry breaking effect. One easily sees there must be nonvanishing contributions from the second term in the Lagrangian Eq. (6). In fact, the first term, to be called β-term in the following, also contributes at the same order though m
is not explicit in the amplitude. Let us look at the decay amplitude given in Eq. (8) . The β-term contribution would vanish were spin symmetry a good symmetry, i.e., different loops proportional to β cancel each other exactly if the hyperfine splitting between vector and pseudoscalar charmed mesons
is tuned to zero. The surviving part is due to the nonvanishing hyperfine splitting which is of order m −1 c . Because the expansion parameter in the NREFT v ≃ 0.4 is not small, the results should have sizeable uncertainties. This can be seen by analyzing the power counting of the decay amplitudes for certain two-loop diagrams. In Ref. [16] , it is argued that vertex corrections due to pion-exchange is suppressed, so that the largest two-loop contribution comes from diagrams shown in Fig. 1 (c) and (d) . The diagram (c) contains four nonrelativistic charmed meson propagators and one relativistic pion propagator. Each momentum is of order M D v, so that each propagator scales as 1/v 2 in the velocity counting. The photon vertex comes from gauging the charmed-mesonpion axial coupling, hence it contributes a factor of g/F π with g and F π being the axial coupling constant and pion decay constant, respectively. The charmed-meson-pion axial coupling is in a P wave. Because this is the only P -wave vertex in the diagram, it should scales as the photon momentum, and the vertex is proportional to E γ g/F π . Therefore, the decay amplitude for the diagram shown in Fig. 1 
(c) scales as
1 They were not considered in Ref. [1, 6, 7, 17] . Hence all the loop amplitudes therein should be doubled, and the decay widths from the loops should be multiplied by 4. All ratios remain innocent. We thank T. Mehen and D.-L. Yang for pointing out this.
where the factor 1/(4π) 2 appears because there is one more loop than in the one-loop case, and the chiral symmetry breaking scale is Λ χ = 4πF π . In order to compare with Eq. (2), a factor of M 2 D is introduced, with M D being the charmedmeson mass, to make the whole scaling have the same dimension as that in Eq. (2) . The value of the axial coupling constant g = 0.6 can be determined from Γ(D * → Dπ) [18, 19] . Numerically, one has gM D /Λ χ ≃ 1. The diagram (d) has the same scaling as (c). This can be seen easily because the one more propagator in (d) is balanced by two more P -wave vertices. Therefore, the two-loop diagrams are effectively suppressed compared with Fig. 1 (a) by a factor of v ≃ 0.4.
In numerical calculations, we use the central values of all measured masses [19] . The value of β is not precisely known. Here, we take the value β −1 = 276 MeV determined with m c = 1.5 GeV in Ref. [14] . In fact, the precise value of β is not important. A change of β −1 from 276 to 376 MeV only causes a change in the decay width of less than 10%. Hence, the decay width for the χ
where a 40% uncertainty has been assigned to account for higher order effects. Because the χ cJ and h c are below the open charm thresholds, the coupling constant g 1 cannot be measured directly through the decays of the P -wave charmonia. Similarly, since the only established 2P charmonium χ
is below the D * D * threshold, g ′ 1 is also not known yet. In order to obtain an order-of-magnitude estimate of the branching fraction for the decay χ ′ c2 → γh c , we take a model value
. 2 For g , which is much larger than the quark model prediction 1.3 keV [8] . This is consistent with the analysis made above that the transitions are dominated by the coupled-channel effects. The width of the χ ′ c2 was measured to be (24 ± 6) MeV [19] . Hence, the branching fraction for the M1 transition χ
A future observation with comparable branching fraction would strongly indicate the dominance of coupled-channel effects in the transition. Similar predictions can be made for the other M1 transitions of P -wave charmonia. The results for the widths of the transitions h [8] .
More interestingly, nontrivial parameter-free predictions can be made for the ratios of the partial widths of these hindered M1 transitions to those of the transitions between two P -wave charmonia with emission of one pion. In Ref. [1] , it is shown that the latter transitions are also dominated by the charmed meson loops. The one-loop and largest two-loop diagrams scale as q π ∆/v 3 [1] and
, respectively, where q π (E π ) is the pion momentum (energy), and the charged and neutral charmed meson difference ∆ describes the isospin breaking. One sees that the one-loop diagrams dominate over the two-loop ones. The decay amplitudes and decay widths for the single-pion transitions have been calculated in Ref. [1] . Here we only compare the M1 transitions with the decay χ Were they multipole-dominated, an unknown matrix element of gluon operators would be involved in the transition χ ′ c2 → π 0 χ c1 so that the process cannot be directly related to the hindered M1 transitions. Even though the uncertainty of these predictions is sizeable, they are markedly different from potential model calculations.
In this Letter, we argue that the hindered M1 transitions of P -wave charmonium are dominated by the coupled-channel effects. The conclusion is supported by numerical calculations. With a reasonable estimate of the unknown coupling constants, the results turn out to be much larger than those obtained in the quark model. Parameter-free predictions are made for ratios of partial widths of two completely different types of charmonium transitions: the hindered M1 transitions and single-pion transitions of the P -wave charmonia. The Pwave charmonia considered here are assumed to be cc states so that they are organized as in Eq. (5). If their coupling to the charmed mesons becomes resonant, renormalization is necessary (see, e.g. Refs. [20, 21] ). In that case, the resulting widths for the hindered M1 transitions should still be much larger than the results were the transitions not dominated by the coupled-channel effects, since a resonant coupling tends to enhance the widths further. Experimental efforts on measuring the transitions suggested here are needed towards understanding the coupled-channel effects in the charmonium transitions. In fact, the existing technologies of lattice calculations of the heavy quarkonia radiative transitions [22] [23] [24] are well ready to test the picture presented in this Letter: if the hindered M1 transitions of the P -wave charmonia are dominated by the coupled-channel effects, the results of simulations with dynamical light quarks should be significantly larger than those in the quenched approximation.
We further notice that the hindered M1 transitions of the Swave charmonia are not well suited for studying the coupledchannel effects. This is because for these transitions the charmed meson loops are divergent. While the divergence of the triangle diagrams scales as O(v 0 ) in the velocity counting, the finite part scales as O(v). The divergence must be absorbed by a counterterm. However, the counterterm cannot be determined from elsewhere. Hence, parameter-free predictions analogous to those made in this Letter is not possible.
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